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Supplementary Text
Pull-off force and on/off ratio between Al 2 O 3 -CNT and a sphere object When two solid surfaces are in contact, a work per unit area  is required to separate the surfaces because of the attraction forces between individual atoms or molecules in both surfaces. For two different surface materials, for example Al 2 O 3 and Pt, the work to separate becomes  Al2O3 +  Pt - Al2O3/Pt where  Al2O3 and  Pt are the intrinsic surface energies of the two solids and  Al2O3/Pt is the energy of the interface. And the surface energy at the moment of separation can therefore be expressed as
where A n is the nominal contact area at the moment of separation ( fig. S12A ). In general, the actual contact area can be smaller than the nominal contact area due to the surface roughness. Actual contact area equals the nominal contact area, only when two surfaces are extremely smooth.
When a rigid, solid surfaces are in elastic contact, the pull-off force P solid , at the moment of separation between a spherical tip with radius R and flat surface ( fig. S12B ), is given from the Derjaguin-Muller-Toporov (DMT) model as (31)
∆ [S2]
Here, the DMT model does not consider the influence of intrinsic electrostatic forces due to surface charges added by friction or chemical treatment or capillary forces due to water meniscus created in ambient humidity or adsorbed layers. Therefore, the estimated pull-off force is mostly determined by the van der Waals interaction between the two surfaces. When R is in nanoscale, the pull-off force can be expresses alternatively as
where z is distance between two objects and A is the Hamaker coefficient. Then, surface separation energy can be estimated as
For quantitative comparison and analysis, we extract the surface separation energy between the Al 2 O 3 and the Pt coated microsphere from the experimental data in fig. S5 . The pull-off force of 2 m radius Pt-coated sphere and the flat Al 2 O 3 surface is measured as ~800 nN, which corresponds to ∆ ~ 0.063 J/m 2 from Eq. S2. Now, we consider adhesion between the Pt-coated microsphere and the Al 2 O 3 -CNT SNE surface.
Assuming an ideal SNE surface composed of perfectly aligned Al 2 O 3 -CNT fibers (figs. S13A and B). Due to the growth variation of individual CNTs and overall growth kinetics, the standard deviation of the fiber heights  l is in the range of ~10-100 nm (Fig. 2C) . Then, when a microspherical tip contacts the surface with a nominal contact area A n (microscopic contact area), the actual contact area A c of this fibrous structure is the summation of local contact areas by the individual fibers in contact which is much less than A n . That is
where n c is the number of Al 2 O 3 -CNT fibers in contact, A f is the contact area and A f * is the average contact area of individual fibers. We can further correlate the actual contact area with the nominal contact area as
by introduction of fiber contact intensity , defined as 4A f * /D 2 (ratio of average contact area of individual fibers to cross-sectional area of the fibers), fiber contact ratio , defined as n c /n (ratio of number of fibers in contact to number of fibers within nominal contact area), and fiber density , defined d 2 /4 2 where  and D are the fiber spacing and diameter respectively. In this study, we assumed the fiber contact intensity is ~1.
For a surface with perfectly aligned nanofibers having a normally distributed height variation, we previously developed a contact mechanics model to estimate the contact ratio as a function of contact pressure, fiber stiffness, spacing and standard deviation of fiber heights (32). We assume the tips of the CNTs have normally distributed positions (l CNT ) with a standard deviation of  l relative to a nominal plane; thus, the probability density of the surface heights is
When two surfaces are in contact at a distance (d) between their nominal planes, the contact pressure (p) within the contact area (A) is supported by the p(PFDA)-CNT fibers in contact, which can be given as
where P CNT,i is the load supported by i-th p(PFDA)-CNT fiber in contact, k CNT is the stiffness of a single p(PFDA)-CNT fiber, δ CNT,i is the deformation distance of i-th fiber in contact (= l CNT,i -d), and λ CNT is the average spacing between the fibers. Moreover, the contact ratio at the given distance d will be n c n
Therefore, the contact ratio is determined by the contact pressure (thus the preload), stiffness (surface compliance), surface height variation and spacing of the CNT fibers.
Here we can further simplify the estimation assuming the height distribution to be exponential (valid only for  <<1) (32), which gives simple analytical solution for the contact ratio as [S10]
[S11]
where F is the preload and k CNT is the stiffness of individual Al 2 O 3 -CNT fibers. As shown, the contact ratio strongly depends on the preload. That is, if we compress the nanocomposite surface more, there will be more nanofiber in contact within the nominal contact area which results in greater intrinsic adhesion due to the fibers and the counter surface.
Then, the surface energy and the pull-off force at the moment of separation can be modified as
Eq. S12 shows that the pull-off force of SNE is lower than the solid electrode surfaces because of both the low fiber density and the low contact ratio. This is because only the few individual fibers in actual contact can contribute to the pull-off force ( fig. S13C ),
On the other hand, as an external voltage V is applied, again an additional electrostatic attraction force is generated within the contact area. Here, it should be noted that while the intrinsic van der Waals force are only effective in actual contact areas the electrostatic attraction can be applied within the whole nominal contact area ( fig. S13D ). Then the pull-off force can be roughly estimated as , , , ∆ * *
[S14]
where the nominal contact area is given as
Here, * is the effective permittivity and t* is the effective separation distance including the coating and air gap. E * is the reduced modulus between the two contacting surfaces.
Then, the pull-off force at an external voltage V can be given as , ∆ *  * ∆ * ⁄ [S16]
and the adhesion on/off ratio (the ratio of pull-off force at an external voltage of V to that at zero) is
Here, the second term is the tunable electrostatic attraction between the microsphere and the fibers by the external voltage. Comparing the Eq. S17 with the experimental results in fig. S8 , the loss factor can be extracted as ~0.2, as the relative permittivity of alumina is ~10, absolute permittivity is 8.85  10 -12 N/V 2 , dielectric thickness is ~1 nm, reduced modulus is measured as ~100 GPa. These values were use to construct the micro pick-and-place map.
Micro pick-and-place map From the developed contact mechanics model for SNE (Eq. S16 and Eq. 1 in the main text) we can construct a map for an object with spherical shape, allowing us to facile estimate the capable size range that can be picked and placed by the SNE at a selected voltage.
First, we plot the typical surface adhesion of the object against a typical flat surface from Eq. S2 and the gravitational force from
[S19]
where  is the density and g is the gravitational acceleration. Accordingly, the adhesion and gravitational forces may slight be different depending on the material properties such as interfacial surface energies, density along with the object shape.
In the example plot ( fig. S14 ), we assume a Si sphere coated with thin Pt as an object having  = 2328kg/m 3 . And for the typical flat surface, we assume an Al 2 O 3 coated surface, which we experimentally extracted the surface energy as ∆ ~ 0.068 J/m 2 . The plots show that when the object size become a millimeter or less the surface adhesion force dominates the gravity as the gravitational force diminishes rapidly as object size decreases. That is, for micro and nanometer sized objects, gravity becomes negligible.
Then, we plot the adhesive force of the Al 2 O 3 -CNT SNE, using Eq. S17, which is the first term of Eq. 1 and Eq. S16 against the Pt coated Si microsphere. In addition to the surface energy, the adhesive force now depends on the fiber density  and the contact ratio . From the experimental data, we find that the intrinsic adhesion of SNE is ~40-fold less than the flat, solid surface with the same coating material. Accordingly, we assume the fiber density to be approximately  ~ 0.1 (considering Al 2 O 3 -CNT fibers are ~10 nm in diameter and having <100 nm spacing) and contact ratio of  ~ 0.25. The SNE intrinsic adhesion is shown as red solid line in fig. S14 , which is always smaller than the adhesion against the flat solid surface, due to the porous and rough SNE surface. Therefore, SNE adhesion allows ease release of objects when the object makes contact with the flat solid surface.
We finally plot the tunable adhesion by the additional electrostatic attraction that can be induced by the external voltages through the conductive CNTs, using the Eq. 1 and Eq. S19. Here, we assumed that the equivalent relative permittivity and the thickness including the influence of the air gap is ~4 and 10 nm, respectively, which approximately fits well with the AFM experimental data. Then, according to different applied voltages (10, 30 and 100 V), the SNE adhesion can be shown as blue dash-dot, dash and solid lines as shown in fig. S12 . When external voltage of 10 V is applied, the SNE adhesion cannot be greater than surface adhesion against flat, solid surfaces and gravity along the all length scale. As the voltage increase to ~30 V, the SNE adhesion can now be greater than that of the flat, solid surfaces for object in size of 0.1-1 mm. At 100 V, range of object size where the adhesion of SNE is greater than that of flat, solid surface becomes wider, estimated as range of 100 nm -10 mm. Therefore, the map shows that we can switch the adhesion of SNE to pick and place objects of sizes in such wide range.
However, we note that this map is only a rough estimate for selected material properties (e.g. Al 2 O 3 and Pt), SNE structural design (e.g. surface roughness, fiber density, coating thickness, surface modulus) and process parameter other than applied voltage (e.g. preload). For the with shear motion case, the pull-off force was measured during the unloading after manually adjust the SNE surface to move laterally while the spherical tip is loaded and stationary.
Fig. S12. Schematics of adhesion tests on an Al 2 O 3 -TiN surface using a microsphere. (A)
When a microsphere is compressed with a preload, only extremely smooth surfaces have the same actual contact area as the nominal contact area. (B) As the microsphere is retracted, atoms of two surfaces in contact attracts each other, and a pull-off force required to overcome the intrinsic adhesion. (C) When an external voltage is applied to the interface having a uniform dielectric coating between, the additional electrostatic attraction within the contact area increases the pulloff force. The ideal surface is assumed to be composed of vertically aligned nanofibers equally spaced but having different heights. (C) As the microsphere is retracted, the adhesion of nanocomposite surface is low as only few nanofibers were in contact within the nominal contact area. (D) When an external voltage is applied to the interface, the additional electrostatic attraction occurs not only from the fiber in contact but also from those not in contact but have nanometer scale proximity, which increases the pull-off force significantly compared the intrinsic adhesion. Movie S1. Picking and placing of an unpackaged micro-LED chiplet using an Al 2 O 3 -CNT nanocomposite electroadhesive (side view). Bottom substrate is a silicon wafer.
Movie S2. Picking and placing of a piece of paper towel using an Al 2 O 3 -CNT nanocomposite electroadhesive and polydimethylsiloxane block.
